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This dissertation investigates how the magnetic properties of strontium hexaferrite
change upon the substitution of foreign atoms at the Fe sites. Strontium hexaferrite,
SrFe12O19 is a commonly used hard magnetic material and is produced in large quanti-
ties (around 500,000 tons per year). For different applications of strontium hexaferrite, its
magnetic properties can be tuned by a proper substitution of the foreign atoms. Experi-
mental screening for a proper substitution is a cost-intensive and time-consuming process,
whereas computationally it can be done more effciently. We used the ‘density functional
theory’ a frst principles based method to study substituted strontium hexaferrite. The site
occupancies of the substituted atoms were estimated by calculating the substitution ener-
gies of different confgurations. The formation probabilities of confgurations were used to
calculate the magnetic properties of substituted strontium hexaferrite.
In the frst study, Al-substituted strontium hexaferrite, SrFe12−xAlxO19, with x = 0.5 
and x = 1.0 were investigated. It was found that at the annealing temperature the non-
magnetic Al+3 ions preferentially replace Fe+3 ions from the 12k and 2a sites. We found
that the magnetization decreases and the magnetic anisotropy feld increases as the fraction,
x of the Al atoms increases.
In the second study, SrFe12−xGaxO19 and SrFe12−xInxO19 with x = 0.5 and x = 1.0 
were investigated. In the case of SrFe12−xGaxO19, the sites where Ga+3 ions prefer to
enter are: 12k, 2a, and 4f1. For SrFe12−xInxO19, In+3 ions most likely to occupy the
12k, 4f1, and 4f2 sites. In both cases the magnetization was found to decrease slightly
as the fraction of substituted atom increases. The magnetic anisotropy feld increased for
SrFe12−xGaxO19, and decreased for SrFe12−xInxO19 as the concentration of substituted
atoms increased.
In the third study, 23 elements (M) were screened for their possible substitution in
strontium hexaferrite, SrFe12−xMxO19 with x = 0.5. In each case the site preference of the
substituted atom and the magnetic properties were calculated. We found that Bi, Ge, Sb,
Sn, and Sc can effectively increase the magnetization, and Cr, P, Co, Al, Ga, and Ti can
increase the anisotropy feld when substituted into strontium hexaferrite.
Key words: Substitution, Strontium Hexaferrite, Density Functional Theory, Site Prefer-
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Strontium hexaferrite is a commercially and technologically important material. It is
produced in huge quantities (≈ 500,000 tons per year) as a low cost moderate performance
permanent magnet. It is used as data storage material and as components in electrical de-
vices like motors, microwave ovens, telecommunication and magneto-optic devices, etc.
Therefore, even a slight improvement in the magnetic properties of these hexaferrites has
a great signifcance. This study focuses on the magnetic properties of substituted stron-
tium hexaferrite. Substitution of foreign atoms in strontium hexaferrite is used to tailor its
magnetic properties. We have developed a methodology to fnd the site preference of the
substitution atoms in strontium hexaferrite and to understand their effect on the magnetic
properties. This methodology can be used to fnd new substitutions that can improve the
properties of strontium hexaferrite.
1.1 Structure
SFO has a hexagonal magnetoplumbite crystal structure that belongs to the P 63/mmc 
space group. Figure 1.1 shows a unit cell of SFO used in the present work that contains 64
atoms of two formula units (Z = 2). The lattice parameters of the unit cell are: a = 589 
pm, c = 2319 pm. The position of different atoms in the unit cell are:
1
• Sr in 2d (1 , 2 , 3 )
2 3 4 
• Fe in 12k {1 , 1 , 0.108}; 2a {0, 0, 0}; 2b < 0, 0, 1 >;
3 6 4 
4f1 [
1 , 2 , 0.028]; 4f2 {1 , 2 , 0.189}3 3 2 3 
1 1 1• O in 4e (0, 0, 0.150); 4f (2 , , 0.450); 6h (0.186, 0.372, ); 12k1 (1 , , 0.050);3 3 4 6 3 
12k2 (
1
2 , 0, 0.150) 
Magnetism in SFO arises from Fe3+ ions occupying fve crystallographically inequiv-
alent sites in the unit cell, three octahedral sites {12k, 4f2, 2a}, one tetrahedral site [4f1],
and one trigonal bipyramidal site < 2b >. Figure 1.1(a) shows a unit cell of . SFO is also
a SFO containing two formula units. Two large gold spheres are Sr atoms, and small gray
spheres are O atoms. Colored spheres enclosed by polyhedra formed by O atoms repre-
sent Fe3+ ions in different inequivalent sites: {2a} (blue), < 2b > (cyan), {12k} (purple),
[4f1] (green), and {4f2} (red). ferrimagnetic material (Tc = 740 K) that has 16 Fe3+ ions
with spins in the majority direction (2a, 2b, and 12k sites) and 8 Fe3+ ions with spins in
the minority direction (4f1 and 4f2 sites) as indicated by the arrows in Figure 1.1(b). Its
magnetic structure is 12k↑; 2a↑; 2b↑; 4f1 
↓; 4f2 
↓ . Therefore, the magnetic net moment of the
unit cell at T = 0 K is:
m0 = [(12 + 2 + 2) − (4 + 4)] · 5 = 40 µB. (1.1)
1.2 Study
Even though SFO exhibits a low energy product (compared with other permanent mag-
net materials) and is relatively brittle and hard, it has won wide acceptance due to its good
resistance to demagnetization, excellent corrosion resistance, and low price. It is the frst
choice for most types of DC motors, magnetic separators, magnetic resonance imaging,
2
Figure 1.1
(a) A unit cell of SFO. (b) Spin confguration of Fe3+ ions of SFO.
3
and automotive sensors. The magnetic properties of SFO can be tailored by a suitable
substitution for its various applications like magnetic recording, permanent magnets, and
microwave absorbers, etc. SFO has a high saturation magnetization (64 emu/g); however,
its intrinsic coercivity is also very high (6.7 kOe) for its use as magnetic recording media.
A substitution which increases magnetization while decreasing the anisotropy feld will be
suitable for high-density magnetic recording applications. Substitutions like Co-Ti [47],
Sn-Mg [13], and Sn-Zn [18] that increase the magnetization and lower the coercivity, and
are useful for magnetic recording purposes. The application of SFO as a permanent magnet
requires a value of coercivity higher than its intrinsic value but without any reduction in the
saturation magnetization. Enhancement in the coercivity without any signifcant reduction
in magnetization has been achieved by substitution of La [42, 53], Sm [54], Pr [56], and
La-Co [29]. Substituted SFO are also used in microwave absorbers. Microwave absorbers
are needed to reduce the radiation pollution caused by the increasing number of electro-
magnetic devices. SFO powders are ideal fllers for microwave attenuator materials due to
their low cost, low density, high stability, and large electrical resistivity. SFO has a ferro-
magnetic resonance frequency around 40 GHz due to its high magnetic anisotropy feld.
Substitution of cations like Co-Ti [47] and Cr [17] is effective in reducing the resonance
frequency down to the microwave range by reducing the magnetic anisotropy feld.
Numerous experimental studies on M-type hexaferrite in which Fe ions are substituted
by different cations or combination of cations have been carried out to develop materials
with improved characteristics suitable for technological applications. Among the recently
investigated substitution are Er-Ni [5], Co-Ti [57], Nd-Co [58], Mg-Ti [46], Co-Zr [37], Bi-
4
Cr [43], La [42, 53], Sm [54], Pr [56], Nd [55] Sn-Mg [13] and Zn-Sn [19, 18, 31]. Several
frst-principles investigations of SFO have also been performed. Fang et al. investigated
the electronic structure of SFO using density functional theory (DFT) [16]. Park et al.
have calculated the exchange interaction of SFO from the differences of the total energy
of different collinear spin confgurations [39]. However, in spite of the importance of
substituted SFO, only a few theoretical investigations have been done. Magnetism in La
substituted SFO has been studied using DFT [28, 38]. The site occupancy and magnetic
properties of Al substituted SFO has been studied by Liyanage et al. [31]. Recently, Dixit
et al. [14] have studied site preference of substituted Al atoms in SrFe12−xAlxO19 (x = 0.5 
and x = 1.0) and the effect of Al-substitution on the magnetic properties of SFO.
In this work, ab-initio calculations based on density functional theory (DFT) have been
performed to study the site preference of substituted atoms in SFO. The effects of substitu-
tion on the magnetic properties of SFO have been investigated. The systems that we have
studied are SrFe12−xAlxO19, SrFe12−xGaxO19, and SrFe12−xInxO19 with x = 0.5 and 1.0.
The results of the calculations are compared with the experimental results. This methodol-
ogy has been further used to screen a number of elements for possible substitution in SFO.
The site preferences of the screened atoms in SFO and the resulting magnetic properties
are also calculated. This screening has resulted in the identifcation of several elements that
can be substituted in SFO to enhance its magnetic properties. For example, substitution of




This chapter shows a simple treatment, based on heuristic arguments and straightfor-
ward approximations, that seamlessly transforms the N -particle Schrödinger equation into
the single-particle Kohn-Sham equations. Most of the content of this chapter has been
adapted from [20, 44].
2.1 Many-body Schrödinger equation
An atomic system of several electrons and nuclei can be exactly described by the
many-body Schrödinger equation:
" X h2 X h2 X 2¯ ¯ 1 e 1 − r 2 − r 2 i I + 2me 2MI 2 4π0 | ri − rj |i I i=6 j #X 2 X 21 e ZI ZJ e ZI 
+ − Ψ = EtotΨ (2.1)
2 4π0 | RI − RJ | 4π0 | ri − RI |
I 6=J i,I 
The many-body wavefunction, Ψ, depends on the positions of each electron and each nu-
cleus in the system. If there are N electrons and M nuclei then we have:
Ψ = Ψ(r1, . . . , rN , R1, . . . , RM ); (2.2)
6
where r1, r2, . . . , rN are the position of electrons, and R1, R2, . . . , RM are position of nu-
clei composing the atomic system. The many-body Schrödinger equation (2.1), in Hartree
atomic units, adopts the following simple form:" X 2 X 2 X Xri rI ZI 1 1 − − − + 
2 2MI | ri − RI | 2 | ri − rj |i #I i,I i=6 j X1 ZI ZJ 
+ Ψ = EtotΨ (2.3)
2 | RI − RJ |
I 6=J 
This equation shows that the only external parameters needed are the atomic numbers, ZI ,
and the atomic masses, MI .
2.2 Clamped nuclei approximation
In this approximation, we assume that the nuclei are held fxed (clamped) in known
positions. This can be justifed on the basis of the fact that the mass of a nucleus is much
heavier than electron mass, we can set MI = ∞ in Eq. 2.3. This approximation implies
that the kinetic energy of the nuclei can be neglected and the Coulomb replusion between
the nuclei is simply a constant. For convenience we bring this constant to the right-hand
side of Eq. 2.3 by defning:
X1 ZI ZJ
E = Etot − . (2.4)
2 | RI − RJ
I 6=J 
This defnition allows us to rewrite Eq. 2.3 as follows:" #X 2 X Xr 1 1 − i − Vn(ri) + Ψ = EΨ (2.5)
2 2 | ri − rj |i i i=6 j 
where Vn(r) is the Coulomb potential of the nuclei experienced by the electrons:
X ZI
Vn(r) = − (2.6)| r − RI |
I 
7
We now defne the many-electron Hamiltonian:
X 2 X Xr 1 1 
Ĥ(r1, . . . , rN ) = − i + Vn(ri) + (2.7)
2 2 | ri − rj |i i i6=j 
so that Eq. 2.5 can be rewritten using the compact expression:
Ĥ Ψ = E Ψ. (2.8)
In addition, we defne the single-electron Hamiltonian:
2Ĥ 0(r) = − 
1 r + Vn(r) (2.9)
2 
so that we can break up the many-electron Hamiltonian as follows:
X X 
Ĥ(r1, . . . , rN ) = Ĥ 0(ri) + 
1 1 
(2.10)
2 | ri − rj |i i=6 j 
2.3 Independent electron approximation
As a next step to solve the Schrödinger equation, we remove the term describing the
Coulomb repulsion between the electrons from Eq. 2.5. Since this is the only term that
couples the positions of the electrons, if it were absent then the electrons will not interact
with each other. This simplifcation of the problem is known as the indepedent electrons
approximation. Using eqns 2.8 and 2.10 the Schrödinger equation within the independent
electron approximation becomes
X 
Ĥ 0(ri)Ψ = E Ψ. (2.11)
i 
Since the electrons are now independent, the probability | Ψ(r1, . . . , rN ) |2 of fnding
electron number 1 at r1 and electron number 2 at r2 and . . . electron number N at rN must
8
be given by the product of the individual probabilities | φi(ri) |2 of fnding the i-th electron
at the position ri. So, it is possible to write the solution of Eq. 2.11 as a product:
Ψ(r1, r2, . . . , rN ) = φ1(r1) . . . φN (rN ). (2.12)
Suppose now that the wavefunctions, φi, were obtained as the solution of the single-
electron Schrödinger equation:
Ĥ 0(r)φi(r) = iφi(r). (2.13)
Now substituting the solution from 2.12 in 2.11 we get:" #X 
Ĥ 0(ri) φ1(r1) . . . φN (rN ) = E φ1(r1) . . . φN (rN ). (2.14)
i 
Since in this equation the single-electron Hamilonian, Ĥ 0(r1), acts only on the function
φ1(r1), Ĥ 0(r2), acts φ2(r2) and so on, we can rewrite
h i h i 
ˆ ˆH0(r1)φ1(r1) φ2(r2) . . . φN (rN ) + φ1(r1) H0(r2)φ2(r2) . . . φN (rN ) + · · · = 
E φ1(r1) . . . φN (rN ). (2.15)
Therefore, using Eq. 2.13, we fnd:
E = 1 + 2 + · · · + N . (2.16)
Thus, in the independent electron approximation, the lowest-energy confguration of the
system is obtained when we fll the lowest-energy eigenstates of the single-particle equa-





Pauli’s principle states that, since electrons are fermions, the many-body wavefunc-
tion, Ψ, must change sign if we interchange the variables of any two electrons [33]. This
principle is equivalent to the statement that no two electrons can take up the same elec-
tronic state. Let us consider a simple example: if we have two electrons, the wavefunction
φ1(r1)φ2(r2) with φ1 6= φ2 does not fulfll this condition; we cannot use Eq. 2.12. How-
ever, the wavefunction:
1 
Ψ(r1, r2) = √ [φ1(r1)φ2(r2) − φ1(r2)φ2(r1)] (2.17)
2 
seems to work. A concise way of writing Eq. 2.17 is by employing a matrix determinant:
φ1(r1) φ2(r1)1 
Ψ(r1, r2) = √ (2.18)
2 
φ1(r2) φ2(r2) 
which is referred to as a Slater determinant (Slater, 1929). When we have more than
two electrons, we can construct a Slater determinant as in 2.18, with the electron label
increasing along the rows and the orbital label increasing along the columns. For N > 2 
the prefactor becomes N !−1/2 instead of 2−1/2 , in order to have the function correctlyR 
normalized: |Ψ|2dr1, . . . , rN = 1. odingerIf the solutions of the single-particle Schr¨
equation (Eq. 2.17) are orthogonal, the electron charge density becomes:
X 
n(r) = |φi(r)|2 . (2.19)
i 
2.5 Mean-feld approximation
The approximation of ignoring the Coulomb repulsion between electrons in the many-
body Schrödinger equation is too extreme. At the same time the notion of independent
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particles and the expression of the charge density in Eq. 2.19 appeal to our intuition and
are convinient for practical calculations. The question then is whether one can maintain a
single-particle description, and take the Coulomb repulsion into account in some form. A
distribution of electronic charge, n(r), will generate an electrostatic potential ϕ(r) through
Poisson’s equation:
r 2ϕ(r) = 4πn(r). (2.20)
The electrons immersed in this electrostatic potential have, in Hartree units, a potential
energy VH (r) = −ϕ(r), which is called the ‘Hartree potential’. By defnition also the
Hartree potential satisfes Poisson’s equation:
r 2VH (r) = −4πn(r). (2.21)
The formal solution of this equation is:
Z 
n(r0)
VH (r) = dr0 . (2.22)| r − r0 | 
Since every electron in our system senses the Hartree potential, we can improve upon Eq.
2.17 by taking this extra term into account:
 
2  r − + Vn(r) + VH (r) φi(r) = iφi(r) (2.23)
2 X 
n(r) = |φi(r)|2 . (2.24)
i 
r 2VH (r) = −4πn(r). (2.25)
Since the potential VH is the average potential felt by each electron, we call this method the
mean-feld approximation. In order to be quantitative we still need to add two components:
11
the exchange potential and the correlation potential. We will discuss these terms in the
following sections.
2.6 Hartree-Fock equation
Let us consider the quantum state Ψ with the lowest energy E given by:
Z 
E = dr1 . . . drN Ψ ∗ ĤΨ. (2.26)
If we minimize the energy E with respect to variations of the function φi(r) in the Slater
determinant of Eq. 2.18, and require that these functions be orthonormal:
δE 
= 0, (2.27)
δφ∗ i Z 
drφ ∗ i (r)φj (r) = δij , (2.28)
then we obtain the so-called Hartree-Fock equations:
 
2  Z r − + Vn(r) + VH (r) φi(r) + dr0VX (r, r 0)φi(r 0) = iφi(r) (2.29)
2 X 
n(r) = |φi(r)|2 . (2.30)
i 
r 2VH (r) = −4πn(r). (2.31)
When we compare these equations with eqns 2.23 - 2.25, we realize that we now have an
additional potential, VX . The explicit expression of this potential is:
X φ∗(r0)φj (r)
VX (r, r 0) = − j (2.32)|r − r0|
j 
where the sum runs over the occupied single-particle states. The potential VX is non-local
in the sense that its evaluation involves an integration over the additional variable r0 , as
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shown by Eq. 2.29. Physically the potential VX arises precisely from Pauli’s principle, and
prevents two electrons from occupying the same quantum state. The function VX in Eq.
2.32 is called the Fock exchange potential.
2.7 Kohn-Sham equations
In Section 2.3 we eliminated the Coulomb interaction between electrons and trans-
formed the 3N -dimensional many-body Schrondinger equantion into N three-dimensional
equations. In Section 2.5 we re-introduced the Coulomb repulsion between electrons using
classical electrostatics, while assuming independent electrons. In Section 2.6 we added
the exchange interaction in order to take into account the quantum nature of the electrons.
The only remaining element left out of the picture is the correlation between electrons. It
is intuitative that, owing to the Coulomb repulsion, the probability of fnding an electron
somewhere will decrease if there is another electron nearby. Using the wavefuctions of
the previous section this means |Ψ(r1, r2)|2 < |φ1(r1)φ2(r2)|2; therefore the trial product
solution in Eq. 2.12 may not be very accurate. Instead of abandoning this very convenient
product form, we can proceed along the same line as in Section 2.5 and describe this repul-
sion by adding yet another component to the potential Vn + VH + VX in the single-particle
equations. We will call this additional component Vc(r), where ‘c’ stands for correlation.
At this stage it is also convinient to replace the exchange potential, VX , which is rather
complicated, by a ‘simplifed’ version which is designed to yield the same effect but only
depends on the space coordinate. We call Vx(r) this simplifed local exchange potential.
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By assembling together all the components, we arrive at the following single-particle equa-
tion:  
2  r − + Vn(r) + VH (r) + Vx(r) + Vc(r) φi(r) = iφi(r) (2.33)
2 
where the potential of the nuclei is still given by Eq. 2.6, and the Hartree potential is
given by eqns 2.24 and 2.25. The exact form of Vx(r) and Vc(r) is not known; however,
convenient and accurate approximations have been developed over the past few decades.
Equations like 2.33 are called the Kohn-Sham equations and are central to frst-principles
materials modelling.
2.8 Density functional theory
The basic idea of density functional therory is that the ground state energy of any
system is a functional of the electronic density:
E = F [n] . (2.34)
This fact is quite astonishing because, while the energy of any quantum system is a func-
tional of the wavefunction, Ψ(r1, r2, . . . , rN ), which is a function of 3N variables, the
ground state is a functional of electron density, which is a function of three variables only.
This concept was introduced by Hohenberg and Kohn (1964). The ground state energy is
a functional of electron density. The exact form of this functional is not known, a number
of useful approximations have been developed. The energy functional can be written as
follows: Z � 
ˆE = F [n] = dr n(r)Vn(r) + hΨ [n] |T̂ + W |Ψ [n]i . (2.35)
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Here we see that the frst term in the functional is already explicitly dependent on the
density, n; however, there are two extra terms (kinetic and Coulomb energy) for which the
dependence on the density is only implicit. The idea of Kohn and Sham (1965) was to split
these implicit terms into the kinetic and Coulomb energy of independent electrons, plus an
extra term which accounts for the difference:
Z Z Z Z 
r 1 0)
E = dr n(r)Vn(r) − 
X 
dr φ ∗ (r) 
2 
φi(r) + drdr0 
n(r)n(r 
+ Exc [n] .i 2 2 |r − r0|
i 
(2.36)
The fnal term, Exc, is called the exchange and correlation energy. Exc is the contribution
due to all other effects not described by the frst three terms. In practice the strategy is to
collect everything we do not know in one place, in the hope that this unknown part will not
be too large. If we knew the exchange and correlation energy, Exc[n], then we could calcu-
late the total energy of the system in its ground state, E = F [n], using the electron density.
The remaining question is therefore how to actually determine the electron density. It turns
out that the ground-state density, n0, is precisely the function that minimizes the total en-
ergy, E = F [n]. This property is called the “Hohenberg-Kohn variational principle” and




If the wavefunctions are orthonormal then the Hohenberg-Kohn variational principle leads
to:  




The extra term, Vxc, is given by:
δExc[n]
Vxc(r) = , (2.39)
δn n(r) 
and is called the exchange and correlation potential. The set of equations given by Eq. 2.38




The DFT calculations were performed with the Vienna Ab initio Simulation Package
(VASP) [26], employing the projector-augmented wave method (PAW) [9] as implemented
by Kresse and Joubert [27]. All calculations were spin polarized according to the ferrimag-
netic ordering of Fe spins as frst proposed by Gorter [16, 21]. A plane-wave energy cutoff
of 520 eV was used both for pure SFO and substituted SFO. Reciprocal space was sam-
pled with a 7 × 7 × 1 Monkhorst-Pack mesh [35] with a Fermi-level smearing of 0.2 eV
applied through the Methfessel-Paxton method [34]. We performed relaxation of the elec-
tronic degrees of freedom until the change in free energy and the band structure energy was
less than 10−7 eV. We performed geometric optimization to relax the positions of ions and
cell shape until the change in total energy between two ionic steps was less than 10−4 eV.
Electron exchange and correlation was treated with the generalized gradient approximation
(GGA) as parameterized by the Perdew-Burke-Ernzerhof (PBE) scheme [40]. To improve
the description of localized Fe 3d electrons, the GGA+U method was employed in the
simplifed rotationally invariant approach described by Dudarev et al [15]. This method
requires an effective U value (Ueff ) equal to the difference between the Hubbard parameter
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U and the exchange parameter J . Ueff equal to 3.7 eV was chosen for Fe based on the
previous result[31].
We have investigated SrFe12−xMxO19 with (i) x = 0.5 and, (ii) x = 1.0 for different
foreign elements ‘M’. For the x = 0.5 concentration, one ‘M’ atom was substituted at one
of the 24 Fe sites of the unit cell as shown in Figure 3.1(a). The application of crystallo-
graphic symmetry operations shows that many of these Fe sites are equivalent and leaves
only fve inequivalent structures. These fve crystallographically different Fe sites in SFO
unit cell are 12k, 2a, 2b, 4f1 and 4f2. Thus, for x = 0.5 case, a single atom of M can be
substituted in fve different ways giving rise to fve different confgurations. These inequiv-
alent confgurations were labeled using the crystallographic name of the Fe site: [2a], [2b],
[4f1], [4f2], and [12k].
For the x = 1.0 concentration, two ‘M’ atoms were substituted at two of the 24 Fe
sites of the unit cell as shown in Figure 3.1(b). These Fe sites have more than one equiv-
alent site. Substitution of ‘M’ atoms breaks the symmetry of the equivalent sites of pure
SFO. Out of all C(24, 2) = 276 possible structures, many of the structures are crystallo-
graphically equivalent. On applying crystallographic symmetry operations, the number of
inequivalent structures reduces to 40. Inequivalent confgurations were labeled using the
convention of [(site for the frst M atom),(site for the 2nd M atom)].(unique index). For ex-
ample, when two ‘M’ atoms are substituted at the 2a and 12k sites, there are 2 inequivalent
confgurations, which are labeled as [2a, 12k].1 and [2a, 12k].2.
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Figure 3.1
The structure of SFMO in confgurations (a) [2a], and (b) [2a, 12k].1
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3.1 Substitution Energy
The site preference of substituted ‘M’ atoms should be understood in order to calculate
the properties of substituted SFO. To determine the site preference of the substituted ‘M’
atoms, the substitution energy of different confgurations formed by substituting the foreign
atom ‘M’ at distinct Fe site were compared. The substitution energy of different elements
‘M’ for confguration i was calculated using the following expression:
X 
Esub(i) = E(SFMO(i)) − E(SFO) − nα(α). (3.1)
α 
E(SFMO(i)) is the total energy per unit cell at 0 K for SFMO in confguration i while
E(SFO) is the total energy per unit cell at 0 K for SFO. (α) is the total energy per atom
for element α (α = M, Fe) at 0 K in its most stable crystal structure. nα is the number of
atoms of type α added or removed: if two atoms are added, then nα = +2 while nα = −1 
when one atom is removed.
3.2 Site Preference
To understand the site preference of the substituted ‘M’ at fnite temperatures, the
formation probability of confguration i was computed using the Maxwell-Boltzmann sta-
tistical distribution [30]:
gi exp(−ΔGi/kBT )
Pi = P (3.2)
j gj exp(−ΔGj /kB T ) 
where, gi is the multiplicity of confguration i (number of equivalent confgurations) and
ΔGi = ΔEsub(i) + P ΔVi − T ΔSi (3.3)
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is the change of the free energy of confguration i relative to the ground state confguration.
ΔEsub(i), ΔVi, and ΔSi are the substitution energy change, volume change, and entropy
change for confguration i; P and kB are the pressure and the Boltzmann constant.
Generally, site preference of substituted atoms in SFO is determined using neutron
powder diffraction and mossbauer spectroscopy, which is sometimes diffcult due to the
complexity of SFO crystal structure. Our method offers a complementary technique to
understand the site preference of substituted atoms in SFO.
3.3 Magnetization
Magnetization expresses the density of magnetic dipole moments in a magnetic mate-
rial. Substitution of foreign atoms ‘M’ at Fe sites changes the magnetization of the SFO
unit cell. Each confguration has a unique arrangement of ‘M’ atoms, and this arrangement
determines the net magnetization. The magnetic structure of SFO is 12k↑; 2a↑; 2b↑; 4f1 
↓; 4f2 
↓ .
The net moment at T = 0K is:
m0 = [(6 + 1 + 1) − (2 + 2)] ∗ 5 = 20 µBfu−1 (3.4)
If the ‘M’ atom has a negligible magnetic moment, its substitution at majority Fe spin site
reduces the magnetization while substitution at minority Fe site enhances it.
3.4 Magnetic Anisotropy
Magnetic anisotropy determines the capacity of a magnet to withstand external mag-
netic and electric felds. To investigate the effect of ‘M’ substitution on the magnetic
anisotropy of SFO, the magnetocrystalline anisotropy energy (MAE), magnetic anisotropy
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constant (K1), and anisotropy feld (Ha) of SrFe12−xMxO19 for x = 0, 0.5 and 1 were
computed. The MAE, in the present case, is defned as the difference between the two total
energies where electron spins are aligned along two different directions [41]:
EMAE = E(100) − E(001). (3.5)
E(100) is the total energy with the spin quantization axis in the magnetically hard plane,
and E(001) is the total energy with the spin quantization axis in the magnetically easy axis.
The uniaxial magnetic anisotropy constant K1 can be computed [36, 45] using the
following expression:
EMAE
K1 = . (3.6)
V sin2 θ 
V is the equilibrium volume of the unit cell, and θ is the angle between the two spin
quantization axis orientations (90◦ in the present case). The anisotropy feld (Ha), which
is related to the coercivity, can be expressed as [25]
2K1
Ha = . (3.7)
Ms 
K1 is the magnetocrystalline anisotropy constant, and Ms is the saturation magnetization.
3.5 Magnetic Properties at T = 0K 
A sample of M-substituted strontium hexaferrite contains different possible crystalline
confgurations discussed earlier. The proportion of these confgurations in a sample de-
pends on their formation probability at the annealing temperature. The typical annealing
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temperature for SFO is 1000 K [52]. Therefore, the magnitude of any property at T = 0K 
can be given as: X 
hXi = P1000(i)Xi. (3.8)
i 
hXi is the averaged magnetic property, and P1000(i) and Xi are the formation probability at
1000 K and the magnetic property of the confguration i. We note that SrFe12−xMxO19 con-
sidered in the present work loses its magnetic properties at a typical annealing temperature
(1000 K or higher) that is near or above its Curie temperature, and the values calculated
refer to their ground state properties. The formation probabilities at the high temperature
were only used to compute the weighted averages, since the crystalline confgurations of
SFMO will be distributed according to these values during the annealing process. The
results for the magnetization, MAE, K1, and anisotropy feld Ha for x = 0.5 as well as




In this chapter, the site occupation and magnetic properties of Al substituted M -type
strontium hexaferrite SrFe12−xAlxO19 (SFAO) with x = 0.5 and x = 1.0 has been stud-
ied. Based on DFT calculations, we determine the structure of various confgurations of
SFAO with different Al concentrations and compute the occupation probabilities for dif-
ferent substitution sites at elevated temperatures. We show that our model predicts a de-
crease of saturation magnetization, Ms, and anisotropy constant, K1, and an increase of the
anisotropy feld Ha as the fraction of Al is increased, consistent with recent experimental
measurements. Most of the content of this chapter has been adapted from our published
article [14].
4.1 Site preference
The substitution of Fe3+ ions by Al3+ ions considerably changes the unit cell parame-
ters. We have calculated the lattice parameters of pure and Al-substituted SFO by relaxing
ionic positions as well as the volume and shape of the unit cell. In all cases the fnal unit
cell was found to remain hexagonal. In the case of pure SFO, the lattice parameters a and
c were found to be 5.93 ° °A and 23.21 A in good agreement with the experimental values of
a = 5.88 A and c = 23.04 A, respectively [32, 24]; the deviation between the experimental° °
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and the theoretical values is less than 1%. In the case of x = 0.5 in SrFe12−xAlxO19, the
° °
volume of the unit cell was reduced by 0.61%. For x = 1.0, a = 5.91 A and c = 23.04 A
lattice parameters a and c were calculated to be 5.92 A and 23.16 A, respectively, while the
° °
were found, and reduction in the unit cell volume was 2.51%. Figure 4.1 shows that the
reduction of unit cell volume predicted by our DFT calculation is consistent with the ex-
perimental results [52, 32].
Figure 4.1
Variation of the unit cell volume of SFAO with the fraction of Al atoms
We investigated the site preference of Al substituting Fe in SrFe12−xAlxO19 for (i)
x = 0.5 and, (ii) x = 1.0. The x = 0.5 case corresponds to the condition where one
Al atom is substituted in the unit cell, while two Al atoms were substituted in the case of
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x = 1.0 as shown Fig. 3.1. To determine the site preference of the substituted Al atoms,
the substitution energy of confguration i was calculated using the following expression:
X 
Esub(i) = E(SFAO(i)) − E(SFO) − nα(α). (4.1)
α 
E(SFAO(i)) is the total energy per unit cell at 0 K for SFAO in confguration i while
E(SFO) is the total energy per unit cell at 0 K for SFO. (α) is the total energy per atom
for element α (α = Al, Fe) at 0 K in its most stable crystal structure. nα is the number of
atoms of type α added or removed: if two atoms are added then nα = +2 while nα = −1 
when one atom is removed. The confguration with the lowest Esub is concluded to be the
ground state confguration, and the corresponding substitution site is the preferred site of
Al atoms at 0 K.
To understand the site preference of the substituted Al3+ ions at higher temperatures,
we compute the formation probability of confguration i using the Maxwell-Boltzmann
statistical distribution [30]:
gi exp(−ΔGi/kBT )
Pi = P (4.2)
j gj exp(−ΔGj /kB T ) 
where gi is the multiplicity (degeneracy) of confguration i (number of equivalent confgu-
rations) and
ΔGi = ΔEsub(i) + P ΔVi − T ΔSi (4.3)
is the change of the free energy of confguration i relative to that of the ground state confg-
uration; ΔEsub(i), ΔVi, and ΔSi are the substitution energy change, volume change, and
entropy change for confguration i; P and kB are the pressure and Boltzmann constant.
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For the x = 0.5 concentration, one Al atom is substituted at one of the 24 Fe sites of
the unit cell as shown in Figure 3.1(a). The application of crystallographic symmetry op-
erations shows that many of these Fe sites are equivalent and leaves only fve inequivalent
structures. We label these inequivalent confgurations using the crystallographic name of
the Fe site: [2a], [2b], [4f1], [4f2], and [12k]. These structures were created by substituting
one Al atom into the respective Fe site of an SFO unit cell and performing full optimization
of the unit cell shape, and volume, and ionic positions.
Table 4.1
Five inequivalent confgurations of SrFe11.5Al0.5O19 
Confg. Multiplicity, g Esub (eV) mtot (µB) Δmtot (µB)
[2a] 2 -6.04 35 -5
[12k] 12 -6.00 35 -5
[4f2] 4 -5.63 45 +5
[2b] 2 -5.60 35 -5
[4f1] 4 -5.57 45 +5
Table 4.1 lists the results of our calculation for all fve inequivalent confgurations in
the order of increasing substitution energy. The lowest Esub is found for confguration
[2a] shown in Figure 3.1(a). We can conclude that at 0 K the most preferred site for the
substituted Al atom is the 2a site. We used Eq. (4.2) to compute the probability to form
each confguration as a function of temperature. Since the volume change among different
confgurations is very small (less than 0.1 A ° 3), we can safely regard the P ΔV term to
be negligible (in the order of 10−7 eV at the standard pressure of 1 atm) compared to the
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ΔEsub(i) term in Eq. (5.3). The entropy change ΔS has a confgurational part, ΔSc, and
a vibrational part, ΔSvib [51]. For binary substitutional alloys such as the present system,
ΔSvib is around 0.1-0.2 kB/atom, and ΔSc is 0.1732 kB/atom [30]. Therefore, we set
ΔS = 0.4 kB/atom.
Figure 4.2
Temperature dependence of the formation probability of different confgurations of
SrFe11.5Al0.5O19 
Figure 4.2 displays the temperature dependence of the formation probability of differ-
ent confgurations of SrFe12−xAlxO19 with x = 0.5. The doped Al3+ ions mainly replace
Fe3+ ions from the 2a and the 12k sites. The formation probabilities of [2b], [4f1] and
[4f2] are negligible and not shown in Figure 4.2. The probability that the doped Al3+ ion
replaces the Fe3+ ion from the 2a site is maximum at 0 K, and it falls as temperature in-
creases, while the occupancy of Al3+ at the 12k site rises with temperature. The two curves
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cross at T ∼ 220 K. At a typical annealing temperature of 1000 K for SFAO [52], the site
occupation probability of the site 2a and 12k is 0.196 and 0.798, respectively. Thus, during
the annealing process of the synthesis of the SFAO the doped Al3+ ions are more likely to
replace Fe3+ ions from the 12k site than the 2a site despite the higher substitution energy.
Figure 4.3
Temperature dependence of the formation probability of different confgurations of
SrFe11AlO19 
For the x = 1.0 concentration, two Al atoms are substituted at two of the 24 Fe sites
of the unit cell as shown in Figure 3.1(b). These Fe sites have more than one equivalent
site. Substitution of Al atoms breaks the symmetry of the equivalent sites of pure SFO. Out
of all C(24, 2) = 276 possible structures, many of the structures are crystallographically
equivalent. On applying crystallographic symmetry operations, the number of inequivalent
structures reduces to 40. We label these inequivalent confgurations using the convention
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of [(site for the frst Al),(site for the 2nd Al)].(unique index). For example, when two
Al atoms are substituted at the 2a and 12k sites, there are 2 inequivalent confgurations,
which are labeled as [2a, 12k].1 and [2a, 12k].2. These structures are fully optimized and
their substitution energies are calculated using Eq. (4.1). When there are more than one
inequivalent confguration, we assign the unique index in the order of increasing Esub.
Table 4.2 lists the ten lowest energy confgurations of SrFe12−xAlxO19 with x = 1.0.
The confguration [2a, 2a] where two Al3+ ions replace Fe3+ ions from two 2a sites has the
lowest Esub, and it is the most energetically favorable confguration at 0 K. To investigate
the site occupation at nonzero temperatures we compute the formation probability of each
confguration using Eq. (4.2). Similar to the previous case, the volume change among dif-
ferent confgurations is very small (less than 0.7 A ° 3), and we can safely ignore the P ΔV 
term. The entropy term is calculated in the same way as the x = 0.5 case. Figure 4.3
shows the variation of the formation probability of different confgurations with tempera-
ture. We note that due to the low multiplicity of the confguration [2a, 2a], its formation
probability falls rapidly as temperature increases. On the other hand, the formation prob-
ability of the confguration [2a, 12k] (sum of the formation probabilities for all [2a, 12k].n 
confgurations) increases steeply and reaches a maximum value at 50 K and then falls with
temperature. Figure 4.3 shows that the formation probability of the [2a, 12k] confguration
becomes larger than that of [2a, 2a] beyond T ∼ 10 K, which is a much lower transition
temperature than in the x = 0.5 case.
We can calculate the occupation probability of Al at nonzero temperatures for a given
site by adding all formation probabilities of the confgurations where at least one Al3+ 
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ion is substituted in that site. At the annealing temperature of 1000 K, the occupation
probability of Al for a 12k site is 79.8% for x = 0.5 as given in Table 4.1. The same
probability is increased to 97.7% for x = 1.0 as calculated by adding the P1000’s for
all confgurations that contain the 12k site. This means that the fraction of Al3+ ions
occupying the 12k site increases when the fraction of Al is increased from x = 0.5 to
x = 1.0. This conclusion is in agreement with the previously reported measurements
[8, 1, 52].
Table 4.2
Ten lowest energy confgurations of SrFe11AlO19 
Confg. Multiplicity, g Esub (eV) mtot (µB) Δmtot (µB)
[2a, 2a] 1 -6.056 30 -10
[2a, 12k].1 12 -6.054 30 -10
[2a, 12k].2 12 -6.041 30 -10
[12k, 12k].1 6 -6.025 30 -10
[12k, 12k].2 12 -6.025 30 -10
[12k, 12k].3 12 -6.027 30 -10
[12k, 12k].4 12 -6.025 30 -10
[12k, 12k].5 6 -6.023 30 -10
[12k, 12k].6 6 -6.017 30 -10
[12k, 12k].7 12 -6.014 30 -10
4.2 Magnetic properties
Once we have calculated formation probabilities of different confgurations, we can use
the probabilities to calculate magnetic properties. First we will investigate the sublattice
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magnetic moment and the saturation magnetization (Ms), then the magnetic anisotropy of
Al-substituted strontium hexaferrite.
In Table 4.3, we see the contribution of local magnetic moment, m, of different sub-
lattices to the total magnetic moment, mtot, in Al-substituted SFO. To see the effect of
Al3+ ions in different substitution sites, we split the entries of sublattices containing these
ions (2a and 12k). As expected, Al3+ ions carry negligible magnetic moment regardless
of their substitution sites. Consequently, when they replace Fe3+ ions in the minority spin
sites (4f1 and 4f2), they eliminate a negative contribution and hence increase the total mag-
netic moment. On the other hand, when they replace Fe3+ ions in the majority spin sites
(12k, 2a, and 2b), they eliminate a positive contribution and hence reduce the total mag-
netic moment (Table 4.1). For the x = 0.5 case, the most probable sites are 12k and 2a 
(majority sites), and the net magnetic moment of the unit cell is reduced by 5 µB. For the
confguration [2a, 12k].1 of the x = 1.0 case, two Al atoms are substituted in the 2a and
12k sites. There is a reduction of 10 µB in the total magnetic moment per unit cell. The
saturation magnetization, Ms, for different confgurations is given in Table 4.4.
Another important property of a magnetic material is the magnetic anisotropy. It is




where K1 is uniaxial magnetocrystalline anisotropy constant, and Ms is saturation magne-
tization. The K1 is expressed as [36, 45]:
EMAE
K1 = (4.5)


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































where V is the equilibrium volume of the unit cell, and θ is the angle between the two spin
quantization axis orientations (90◦ in the present case). The MAE (magnetocrystalline
anisotropy energy), in the present case, is defned as the difference between the two total
energies where electron spins are aligned along two different directions [41]:
EMAE = E(100) − E(001) (4.6)
where E(100) is the total energy with the spin quantization axis in the magnetically hard
plane, and E(001) is the total energy with the spin quantization axis in the magnetically
easy axis.
The results for the MAE, the K1, and the anisotropy feld Ha for SFAO with different
Al concentration are presented in Table 4.4. To compare with experimental results, we
also compute the weighted average of K1 and Ha using the formation probability P1000 
at a typical annealing temperature of 1000 K [52]. We note that SFAO considered in
the present work loses most of its magnetic properties at typical annealing temperatures
(1000 K or higher) that are near or above its Curie temperature. The magnetic properties
listed in Table 4.4 refer to their ground state properties at the temperature T = 0 K. We use
the formation probability at 1000 K to compute the weighted averages as the crystalline
confgurations of SFAO will be distributed according to this value during the annealing
process.
Table 4.4 shows that Ms decreases as the concentration of Al x is increased from 0 to
0.5 to 1.0, consistent with the previous experimental results [4, 22, 50, 52]. Our calculation






















































































































































































At a low temperature Al atoms prefer to occupy the 2a sites, which would have increased
K1 (see K1 values for [2a] and [2a, 2a] in Table 4.4). However, the formation probability
of the confgurations involving 12k site (such as [12k], [2a, 12k] and [12k, 12k]) increases
signifcantly as the temperature rises due to the entropy contribution of the free energy.
At the annealing temperature Al3+ ions are much more likely to occupy the 12k site than
the 2a site. This causes the magnetocrystalline anisotropy constant K1 of Al-substituted
SFO to be reduced with the increase of Al fraction x, consistent with the experimental
measurement reported by Albanese [4]. Despite this, Ms is reduced more signifcantly than
K1, and this causes the anisotropy feld Ha in Eq. (4.4) to increase as the concentration of
Al x is increased from 0 to 0.5 to 1.0 as shown in Table 4.4. We compare the calculated
values of Ms, K1, and Ha for SFO and SFAO with the experimental values [32, 22, 4] in
Table 4.5. The changes in these three magnetic properties as the Al fraction x is increased
is consistent with those of the measured values. We note that the calculated values are for
0 K, while the experimental values are measured at room temperature. The result is also
consistent with several other experimental results [50, 52].
4.3 Conclusion
We use frst-principles total-energy calculations based on density functional theory
to study the site occupancy and magnetic properties of Al-substituted M -type strontium
hexaferrite SrFe12−xAlxO19 with x = 0.5 and x = 1.0. We fnd that the non-magnetic
Al3+ ions preferentially replace Fe3+ ions at two of the majority spin sites, 2a and 12k,
eliminating their positive contribution to the total magnetization, causing the saturation
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magnetization Ms to be reduced as Al concentration x is increased. Our formation proba-
bility analysis further provides the explanation for the increased magnetic anisotropy feld
when the fraction of Al is increased. Although Al3+ ions preferentially occupy the 2a sites
at a low temperature, the occupation probability of the 12k site increases with the rise of
the temperature. At a typical annealing temperature (> 700 ◦C) Al3+ ions are much more
likely to occupy the 12k site than the 2a site. Although this causes the magnetocrystalline
anisotropy K1 to be reduced slightly, the reduction in Ms is much more signifcant. Their
combined effect causes the anisotropy feld Ha to increase as the fraction of Al is increased,
consistent with recent experimental measurements.
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CHAPTER 5
GALLIUM- AND INDIUM-SUBSTITUTED STRONTIUM HEXAFERRITE
In this chapter, we use frst-principles total-energy calculations to study the preferential
site substitution of Fe by M (M= Ga and In), and its effect on the magnetization and
magnetic anisotropy of SrFe12−xMxO19 with x = 0.5 and x = 1.0. Ga substitution in the
M-type hexaferrite has been experimentally examined by several investigators [48, 12, 3, 2,
10, 6, 23]. Experimental measurements show that Ga substitution in SFO leads to reduction
in the magnetization and improvements in the anisotropy feld, coercivity, ferromagnetic
resonance linewidths, and resistivity [12]. Indium substituted M-type hexaferrite has also
been studied experimentally by several researchers [4, 12, 11, 49]. SrFe12−xInxO19 has a
high squareness ratio and a low FMR linewidth. It has a low anisotropy compared with the
pure M-type hexaferrite. This makes SrFe12−xInxO19 suitable for microwave devices [11].
In this work we use frst-principles total-energy calculations to study the site occupa-
tion and magnetic properties of Ga/In-substituted M-type strontium hexaferrite. We de-
termine the structure of various confgurations with different Ga/In concentrations and
compute their formation probabilities at a typical annealing temperature, which will be




As a frst step to study SrFe12−xMxO19 (M= Ga and In), we investigated the effects of
substitution on the lattice parameters and the volume of the unit cell. The calculated results
are summarized in Table 5.1. The substitution of Ga in SFO does not show a signifcant
change in the lattice parameters and the volume of the unit cell. The variations were found
to be less that 0.1%. This is an expected outcome as the radius of Ga3+(0.625 A) is similar°
equal to that of Fe3+(0.645 A). On the contrary, the unit cell volume of In-substituted SFO°
increases by 1.22% and 2.73% for the In fraction of x = 0.5 and x = 1.0, respectively.
The lattice parameters of the unit cell show a clear increase as the fraction of In atoms x 
increases. This can be attributed to the fact that In3+ has ionic radius of 0.94 A, which°
is signifcantly larger than that of Fe3+ . These results are consistent with experimental
measurements [4, 48, 10].
Table 5.1
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Next, we investigated the site preference of SrFe12−xMxO19 (M = Ga or In) for (i)
x = 0.5 and, (ii) x = 1.0. The x = 0.5 case corresponds to the condition where one
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M atom was substituted in the unit cell, while two M atoms were substituted in the case
of x = 1.0. These two cases are shown Figure 3.1. There are fve crystallographically
different Fe sites in SFO. To understand the site preference of M atoms, we calculated the
substitution energy, Esub(i), of each confguration, i. The substitution energy Esub is given
by the following expression:
X 
Esub(i) = E(SFMO(i)) − E(SFO) − nα(α). (5.1)
α 
E(SFMO(i)) and E(SFO) are the total energies per unit cell of M substituted SFO (SFMO)
and pure SFO, respectively. (α) is the total energy per atom for element α (α = M, Fe) in
its most stable crystal structure. nα is the number of atoms of type α added or removed. If
two atoms are added then nα = +2, while nα = −1 when one atom is removed. If Esub
is negative then SrFe12−xMxO19 is more stable than SrFe12O19. The confguration with the
lowest Esub is concluded to be the ground state confguration, and the corresponding substi-
tution site is the most preferred site for M atoms at 0 K. A negative value of the substitution
energy indicates that the substitution is thermodynamically favorable. To understand the
site preference of the substituted M3+ ions at fnite temperatures, we have computed the
formation probability of confguration i using the Maxwell-Boltzmann statistical distribu-
tion [30]
gi exp(−ΔGi/kB T )
Pi = P . (5.2)
j gj exp(−ΔGj /kBT ) 
gi is the multiplicity of confguration i (number of equivalent confgurations), and
ΔGi = ΔEsub(i) + P ΔVi − T ΔSi. (5.3)
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ΔGi is the change of the free energy of confguration i relative to that of the ground state
confguration. ΔEsub(i), ΔVi, and ΔSi are the substitution energy change, volume change,
entropy change for confguration i; P and kB are the pressure and Boltzmann constant.
Table 5.2
Confgurations of SrFe11.5M0.5O19 (M = Ga/In) compounds
Esub (eV) MAE (meV) Volume (A° 3)P1000 mtot (µB)Confg. g 
M = Ga M = In M = Ga M = In M = Ga M = In M = Ga M = In M = Ga M = In
[12k] 12 -3.208 -1.751 0.851 0.527 35 35 0.78 0.76 707.18 715.50
[2a] 2 -3.178 -1.734 0.101 0.072 35 35 0.89 0.88 707.14 715.48
[2b] 2 -2.962 -1.497 0.008 0.005 35 35 0.67 0.51 707.49 717.38
[4f 1] 4 -3.021 -1.758 0.033 0.190 45 45 0.84 0.82 707.82 716.75
[4f 2] 4 -2.896 -1.765 0.008 0.207 45 45 0.81 0.73 707.43 719.24
For the x = 0.5 concentration, one M atom was substituted at one of the 24 Fe sites
of the unit cell, as shown in Figure 3.1(a). The application of crystallographic symmetry
operations shows that many of these Fe sites are equivalent and leave only fve inequivalent
structures. We label these inequivalent confgurations using the crystallographical name of
the Fe site: [2a], [2b], [4f1], [4f2], and [12k]. These structures were created by substituting
one M atom to the respective Fe site of a SFO unit cell and performing full optimization of
the unit cell shape, volume and ionic positions.
The substitution energy, Esub, of fve possible confgurations are shown in Table 5.2.
We note that for SrFe12−xGaxO19 Esub is lowest for the [12k] confguration; other impor-
tant confgurations are the [2a] and [4f1]. For SrFe12−xInxO19 , the [4f2] confguration has
the lowest Esub followed by the 4f1 and 12k confgurations. We used Eq. (5.2) to compute
the probability to form each confguration as a function of temperature. Since the volume
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change among different confgurations is very small (less than 0.1 A ° 3), we can safely re-
gard the P ΔV term to be negligible (in the order of 10−7 eV at the standard pressure of
1 atm) compared to the ΔEsub(i) term in Eq. (5.3). The entropy change ΔS has a confgu-
rational part, ΔSc, and a vibrational part, ΔSvib [51]. For binary substitutional alloys such
as the present system, ΔSvib is around 0.1-0.2 kB/atom and ΔSc is 0.1732 kB/atom [30].
Therefore, we set ΔS = 0.3732 kB/atom. Figure 5.1 displays the temperature dependence
of the formation probability of different confgurations of SrFe12−xGaxO19 with x = 0.5.
Table 5.2 and Figure 5.1 show that the doped Ga3+ ions mainly replace Fe3+ ions from
the 12k sites. During the synthesis of SFMO, all fve confgurations will be distributed ac-
cording to their formation probability at the annealing temperature. At a typical annealing
temperature of 1000 K, 85% of substituted Ga atoms are likely to be substituted at the 12k 
site. Other sites with signifcant occupation probability are the 2a and 4f1 sites with the
Ga site occupation probability of 10.1% and 3.3%, respectively at 1000 K. In contrast, in
the case of SrFe12−xInxO19, the formation probability for the [4f2] is highest at low tem-
peratures but above 150 K the site 12k becomes the most likely site for In atom to replace
the Fe atom at higher temperature. This is due to the higher multiplicity of [12k] than that
of the [4f2] confguration (see Figure 5.2). At 1000 K, the formation probabilities of [12k],
[4f2], and [4f1] are 52.7%, 20.7%, and 19.0%, respectively.
For the x = 1.0 concentration, two M atoms are substituted in the unit cell of SFO,
as shown in Figure 3.1(b). The number of ways in which two M atoms can be subsituted
at two of the 24 Fe sites in the SFO unit cell, is given by C(24, 2) = 276. Thus, this
substitution can generate 276 confgurations. On the application of crystallographic sym-
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Figure 5.1
Temperature dependence of the formation probability of different confgurations of
SrFe12−xGaxO19 with x = 0.5 
metry operations, we fnd that there are only 40 inequivalent confgurations. All these 40
inequivalent confgurations, with their respective multiplicities, are given in Table 5.3. All
these structures are fully optimized and their substitutional energies are calculated using
Eq. (5.1).
To investigate the site occupation at nonzero temperatures, we compute the formation
probability of each confguration using Eq. (5.2). Similar to the previous case, the volume
change among different confgurations is very small (less than 0.7 A ° 3) and we can safely
ignore the P ΔV term. The entropy term is calculated in the same way as the x = 0.5 case.
We notice in Table 5.3 that the confgurations that are formed from similar sites (for exam-
ple, the [2a, 12k].1 and [2a, 12k].2) have similar magnetic properties (Ms and MAE). So,
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Figure 5.2
Temperature dependence of the formation probability of different confgurations of
SrFe12−xInxO19 with x = 0.5 
we combined the probabilities of the similar confgurations. For example, in the case of
SrFe12−xGaxO19 the formation probabilities of [2a, 12k].1 and [2a, 12k].2 were combined
to get the formation probability of the [2a, 12k] confguration (0.085 + 0.075 = 0.16).
Figure 5.3 and Figure 5.4 show the variation of the formation probability of different con-
fgurations with temperature in the cases of SrFe12−xGaxO19 and SrFe12−xInxO19, respec-
tively. We note that for SrFe12−xGaxO19 the most probable confgurations are [12k, 12k],
[12k, 2a], and [4f1, 12k]. Similar to the previous case of x = 0.5, in this case Ga atoms
are most likely to prefer the 12k site followed by 2a, and then 4f1. Although this result
is in contrast with the conclusion of Awawdeh et al[6], who suggested that the most pref-
ered site is the 4f2, our model is more consistent with the experimental fndings that the
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substitution of Ga in SFO leads to the reduction in magnetization [12] – since 4f2 site is a
minority site, substituion of Ga in 4f2 would have resulted in the increase of magnetization
contradicting the experimental result. For SrFe12−xInxO19, the confguration [12k, 4f2] has
the lowest formation probability followed by the [12k, 4f1] and [12k, 12k]. Thus, similar
to the x = 0.5 case, In atoms are like to occupy the 12k, 4f2, and 4f1 sites.
Figure 5.3
Temperature dependence of the formation probability of different confgurations of
SrFe12−xGaxO19 with x = 1.0 
5.2 Magnetic properties
Once we understand the site preference of M atoms in SFO, we can investigate its effect
on the total magnetization as well as the magnetic anisotropy. Since M is a nonmagnetic
element, its magnetic moment is negligible, so, the confgurations in which M is substituted
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Table 5.3
Confgurations of SrFe11MO19 (M = Ga/In) compounds
Confg. g MAE (meV)
M = Ga M = In
Esub (eV)
M = Ga M = In
P1000 
M = Ga M = In
mtot (µB)
M = Ga M = In
[12k, 12k].1 12 0.75 0.74 -6.461 -3.569 0.102 0.030 29.934 29.913
[12k, 12k].2 6 0.72 0.00 -6.439 -3.581 0.045 0.016 29.948 29.913
[12k, 12k].3 12 0.71 0.00 -6.439 -3.579 0.090 0.032 29.948 29.916
[12k, 12k].4 12 0.72 0.69 -6.437 -3.592 0.089 0.035 29.950 29.917
[12k, 12k].5 12 0.73 0.68 -6.438 -3.587 0.089 0.034 29.946 29.917
[12k, 12k].6 6 0.72 0.68 -6.438 -3.563 0.045 0.015 29.947 29.923
[12k, 12k].7 6 0.73 0.68 -6.434 -3.601 0.043 0.018 29.948 29.916
[12k, 2a].1 12 0.83 0.78 -6.427 -3.637 0.083 0.045 29.961 29.953
[12k, 2a].2 12 0.84 0.80 -6.409 -3.534 0.075 0.025 29.963 29.956
[12k, 2b].1 12 0.61 0.55 -6.221 -3.349 0.025 0.008 29.890 29.982
[12k, 2b].2 12 0.60 0.55 -6.223 -3.402 0.026 0.012 29.885 29.975
[12k, 4f2].1 12 0.76 0.63 -6.128 -3.801 0.015 0.116 39.977 39.982
[12k, 4f2].2 12 0.78 0.72 -6.217 -3.811 0.025 0.123 39.984 39.981
[12k, 4f2].3 12 0.75 0.00 -6.128 -3.674 0.015 0.056 39.972 39.960
[12k, 4f2].4 12 0.76 0.61 -6.127 -3.653 0.015 0.049 39.974 39.963
[12k, 4f1].1 12 0.81 0.79 -6.328 -3.697 0.047 0.064 39.964 39.938
[12k, 4f1].2 12 0.79 0.75 -6.252 -3.583 0.030 0.033 39.968 39.950
[12k, 4f1].3 12 0.79 0.74 -6.252 -3.645 0.030 0.047 39.977 39.949
[12k, 4f1].4 12 0.78 0.73 -6.297 -3.635 0.039 0.044 39.968 39.947
[2a, 2a].1 1 0.94 0.92 -6.380 -3.497 0.005 0.002 29.975 29.981
[2b, 2b].1 1 0.71 0.40 -6.197 -3.122 0.002 0.000 29.894 30.047
[2a, 2b].1 4 0.71 0.65 -6.197 -3.303 0.007 0.002 29.894 29.987
[4f2, 4f2].1 2 0.77 0.68 -5.817 -3.682 0.000 0.010 49.996 49.999
[4f2, 4f2].2 2 0.77 0.67 -5.814 -3.671 0.000 0.009 49.994 49.999
[4f2, 4f2].3 2 0.77 0.67 -5.829 -3.671 0.000 0.009 49.984 49.972
[4f1, 4f2].1 4 0.81 0.73 -5.935 -3.601 0.002 0.012 49.988 49.990
[4f1, 4f2].2 4 0.82 0.66 -5.940 -3.750 0.002 0.029 49.988 49.991
[4f1, 4f2].3 4 0.82 0.75 -5.931 -3.595 0.002 0.012 49.986 49.971
[4f1, 4f2].4 4 0.82 0.74 -5.941 -3.621 0.002 0.014 49.986 49.979
[4f2, 2b].1 4 0.58 0.51 -6.071 -3.370 0.004 0.003 39.915 39.912
[4f2, 2b].2 4 0.61 0.53 -5.910 -3.423 0.001 0.004 39.915 39.993
[4f2, 2a].1 4 0.86 0.71 -6.098 -3.768 0.004 0.032 39.983 39.986
[4f2, 2a].2 4 0.86 0.79 -6.098 -3.612 0.004 0.013 39.985 39.987
[4f1, 4f1].1 2 0.86 0.84 -6.066 -3.614 0.002 0.007 49.982 49.944
[4f1, 4f1].2 2 0.86 0.84 -6.045 -3.614 0.002 0.007 49.983 49.951
[4f1, 4f1].3 2 0.85 0.00 -6.066 -3.572 0.002 0.005 49.982 49.956
[4f1, 2b].1 4 0.66 0.58 -6.036 -3.337 0.003 0.003 39.897 40.007
[4f1, 2b].2 4 0.67 0.59 -6.036 -3.345 0.003 0.003 39.900 40.005
[4f1, 2a].1 4 0.88 0.82 -6.368 -3.638 0.020 0.015 39.979 39.979
[4f1, 2a].2 4 0.90 0.85 -6.222 -3.540 0.008 0.009 39.985 39.975
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Figure 5.4
Temperature dependence of the formation probability of different confgurations of
SrFe12−xInxO19 with x = 1.0 
at the majority site (2a, 2b and 12k) reduces the total magnetic moment, while substitution
of M atoms at the minority site (4f1 and 4f2) enhances it. The results of our calculations in
Table 5.2, Table 5.3 and Table 5.4 support this fact. To understand the effect of M-element
substitution on the sublattice magnetic moment of other sites, we tabulated the sublattice
magnetic moment of all the sites for the confgurations [12k], [12k,12k].1 with M = Ga and
In and x = 0.0, 0.5 and 1.0, as shown in Table 5.4. We have chosen the 12k site because
it has highest multiplicity of 12 and both Ga as well as In prefer to enter the 12k site.
First we considered SrFe12−xGaxO19 with x = 0.5. In this case, the sublattice magnetic
moment of the 12k site is reduced by about 4.2 µB, due to the substitution of a Ga atom
at the 12k site. The sites with Fe and Sr atoms do not show any signifcant change in the
sublattice magnetic moment due to Ga substitution. However, the sites with oxygen atoms
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show a decrease in the magnetic moment. For SrFe12−xGaxO19 with x = 1.0, where two
Ga atoms were substituted at two 12k sites, we see a decrease in the magnetic moment of
about 4.2 µB at each 12k site. The sites with oxygen atoms showed a greater reduction in
the sublattice magnetic moment compared with the previous case of x = 0.5. A similar
behavior was observed in the case of Indium substituted strontium hexaferrite. The net
magnetic moment of the unit cell reduced by about 5 µB and 10 µB in the case of x = 0.5 
and x = 1.0, respectively. The total magnetic moment for different confgurations of
SrFe12−xGaxO19 and SrFe12−xInxO19 are shown in Table 5.2 and Table 5.3.
To compare the magnetic anisotropy of different confgurations of both the cases viz.
x = 0.5 and x = 1.0, we calculated Ha, K1 , and MAE using Eq. 4.4, Eq. 4.5, and Eq. 4.6,
respectively. The results are shown in Table 5.3.
To compare with experimental results, we have also computed the weighted average of
hK1i, hMsi, and hHai using the formation probability at a typical annealing temperature
of 1000 K [52](Table 5.5) from the expression:
X 
hXi = P1000(i)Xi. (5.4)
i 
hXi is the averaged magnetic property, P1000(i), and Xi are the formation probability at
1000 K and a magnetic property of the confguration i. We note that SrFe12−xMxO19 con-
sidered in the present work loses its magnetic properties at a typical annealing temperature
(1000 K or higher) that is near or above its Curie temperature and the values in Table 5.5
refer to their ground state properties. We use the formation probability at the high temper-

























































































































































































































































































































































































































































































































































































































































Magnetic properties of SFO and Ga/In-substituted SFO
Coumpound x hmtoti hMsi hMAEi hK1i hHai Expt. Ms Expt. K1 
(µB) (emu/g) (meV) (kJ·m−3) (kOe) (emu/g) (kJ·m−3)
SrFe12O19 – 38.988 110.19 0.85 193 7.35 100.00 460
SrFe12−xGaxO19 0.5 35.405 91.27 0.81 180 7.75 99.40 451
SrFe12−xGaxO19 1.0 32.952 85.24 0.76 172 8.13 98.64 439
SrFe12−xInxO19 0.5 38.964 96.99 0.77 173 6.86 99.00 386
SrFe12−xInxO19 1.0 38.439 90.79 0.63 139 5.69 98.67 315
will be distributed according to these values during the annealing process. We note from
the Table 5.5, that the weighted average of the hMsi and hK1i decreases with x for both
SrFe12−xGaxO19 as well as SrFe12−xInxO19. This behavior is consistent with previous ex-
perimental measurements [4, 6, 10]. The anisotropy feld, hHai, increases with Ga fraction
x in SrFe12−xGaxO19 while hHai decreases with the In concentration in SrFe12−xInxO19.
5.3 Conclusion
First-principles density function theory has been used to study Ga and In substituted
strontium hexaferrite (SrFe12O19). Based on the calculation of the substitution energy
of Ga and In in SrFe12O19 and the formation probability analysis, we conclude that in
SrFe12−xGaxO19 the substituted Ga atoms prefer to occupy the 12k, 2a, and 4f1 sites,
while In atoms in SrFe12−xInxO19 occupy the 12k, 4f2, and 4f1 sites. We used the site
occupation probabilities to calculate the magnetic properties of substituted SrFe12O19 at
0 K. It was found that as the fraction of Ga atoms in SrFe12−xGaxO19 increases, the sat-
uration magnetization (Ms) as well as magnetic anisotropy energy (MAE) reduce, while
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the anisotropy feld (Ha) increases. In the case of SrFe12−xInxO19 Ms, MAE as well as Ha 




In chapter 4, we saw that the substitution of Al enhances the magnetic anisotropy feld,
Ha, of SFO. The results of chapter 5 show that Ha can also be increased by Ga substitution.
Thus, substitution of foreign atoms can be used to tune magnetic properties of SFO. In this
chapter, our goal is to search for two types of elements; the frst kind are those elements
that can raise the Ms and Ha, and the second kind are the elements that can enhance the
Ms but reduce the Ha signifcantly. SFO substituted with frst kind of elements will have
higher Ms and Ha, and can be used for applications like permanent magnets. The second
type of substitution can be used for applications such as magnetic recording and microwave
devices; Ha of 7.35 kOe of pure SFO is too high for such applications. In this chapter, we
will investigate substituted strontium hexaferrite (SrFe12−xMxO19) with x = 0.5 using the
same model that we used in the earlier chapters.
6.1 Site preference
We have studied a total of 23 elements shown in Table 6.1. All these elements show
+3 oxidation state similar to Fe3+ . The criterion that determines a substitution is possible
or not is the substitution enegy, Esub, which can be defned as follows:
Esub(i) = E(SFMO(i)) − E(SFO) + E(Fe) − E(M) (6.1)
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E(SFMO(i)) is the total energy per unit cell of SFMO in confguration i, and E(SFO) 
is the total energy per unit cell of SFO. E(Fe) is the energy per atom of Fe in the bcc
structure; E(M) is the energy per atom of element M in its most stable crystal structure.
The value of Esub for each element considered in this study is presented in Table 6.1. There
are fve possible confgurations, and the Esub shown in the table corresponds to the most
stable confguration. A positive value of Esub implies that the unit cell of the substituted
SFO has higher energy than pure SFO; such substitution with positive Esub cannot be
realized experimentally. Elements that have a positive Esub are Pb, Cu, Pd, Pt, Tl, Ag,
Au, Ir, and Br. These elements can not be substituted in SFO. Out of 23 elements that
were investigated, 14 elements showed a negative substitution energy. A high negative
value of Esub indicates that the element can be easily substituted. For example, Al has
Esub = −6.038eV , and experimentally, it has been shown that all Fe atoms of SrFe12O19 
can be substituted by Al atoms ([7]). The lattice parameters a and c, and the volume,
V , of the hexagonal unit cell of SrFe12−xMxO19 (x = 0.5) is shown in Table 6.2. The
maximum increase in volume was found to be 3.2% for Y-substituted SFO. Al-substituted
SFO showed a maximum decrease in volume of 0.62%. Thus, we see the substitution of
these M atoms does not cause any signifcant change in size of the unit cell.
To understand how the magnetic properties of SFO change due to substitution, it is
imperative to study the site preference of the substituted atom. Here, we are considering
the x = 0.5 case which corresponds to substitution of one M element in the unit cell. There
are fve inequivalent Fe sites in SFO unit cell. Therefore, one M atom can be substituted
in fve different ways, resulting in fve different confgurations viz. [12k], [2a], [2b], [4f1] 
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Table 6.1
Substitution Energy, Esub, of element M in SrFe11.5M0.5O19 
M Esub (eV) M Esub (eV) M Esub (eV)
Sc -7.041 In -1.765 Pd 0.643
Al -6.038 Co -1.593 Pt 0.688
Cr -5.687 Ni -1.058 Tl 1.117
Ti -5.854 As -0.843 Ag 2.422
P -3.690 Bi -0.291 Au 2.785
Ga -3.208 Sb -0.241 Ir 3.075
Sn -2.422 Pb 0.135 Br 3.567
Ge -2.339 Cu 0.539
and [4f2]. The Esub for each confguration with different M atoms was calculated, which
was then used to calculate the relative substitution energy, ΔE. The ΔE is the difference
between Esub of a particular confguration and that of the most stable confguration. So,
ΔE = 0.0 corresponds to the confguration with the lowest Esub and indicates the site that
the substituted atom occupies. For example, Co has ΔE = 0.0 for the [2a] confguration.
So, 0 K SrFe23.5Co0.5O19 system has the lowest energy when Co atom occupies the 2a site.
The results for all 14 elements are presented in Table 6.3.
We used eq. 5.2 and eq. 5.3 to fnd the formation probability of different confgurations
at fnite temperature. Formation probability, P1000, at 1000 K (typical annealing temper-
ature of SFO) is required to calculate magnetic properties of substituted SFO (eq. 3.8).
Figure 6.1 shows the change in the formation probability of different confgurations of
SrFe11.5Co0.5O19 with increase in temperature . We notice that site occupation probability
of the 2a site falls, while occupancy of the 12k site rises with increase in temperature. Fig-
ure 6.2 shows the temperature dependence of the formation probability of SrFe11.5Cr0.5O19.
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Table 6.2
Lattice parameters and volume of SrFe11.5M0.5O19 unit cell
M a ( °A) c ( °A) V ( °A3)
Fe 5.93 23.21 707.29
Sc 5.94 23.41 717.12
Ti 5.94 23.40 712.00
Co 5.92 23.16 703.27
Ni 5.93 23.17 704.14
Al 5.91 23.14 702.50
In 5.95 23.30 716.52
P 5.97 23.94 707.38
Bi 5.95 23.53 724.99
Sb 5.95 23.36 717.48
Ga 5.93 23.20 707.13
Cr 5.91 23.11 698.41
Ge 5.92 23.26 706.47
As 5.92 23.37 710.23
Sn 5.94 23.41 716.86
Figure 6.3 shows the case of SrFe11.5Sb0.5O19, we observe that formation probability of the
[4f2] confguration stays constant; this implies that the site preference of the substituted Sb
atoms is the 4f2 site which does not change with temperature.
6.2 Magnetic properties
For each confguration the magnetocrystalline anisotropy energy (MAE) and the total
magnetic moment (mtot) were determined and the results are shown in Table 6.3. MAE,
mtot, and P1000 of the fve confgurations are then used to calculate magnetic properties of
M-substituted SFO. The calculated magnetic properties are: volume magnetization (Ms),
mass magnetization (σ), MAE, K1, and Ha. The results for all 14 elements are presented in
Table 6.4. M = Fe represents the case of unsubstituted SFO. We notice that the substitution
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Figure 6.1
Temperature dependence of the formation probability of different confgurations of
SrFe11.5Co0.5O19.
Figure 6.2









































































































































































































































































































































































































































































































































































































































































































Temperature dependence of the formation probability of different confgurations of
SrFe11.5Sb0.5O19.
of Sc, Sn, Bi, Sb and Ge increases the Ms. When Ge is substituted, the mass magnetization,
σ, also increases. An increase in Ha is seen when SFO is substituted by Ti, Co, Al, P, Ga,
and Cr. In this work, our objective was to search for two kinds of elements. We could
not fnd any element belonging to the frst that increases both Ms as well as Ha; however,
we found fve elements of the second type that can increase Ms and signifcantly reduce
the Ha. These elements are: Sb, Ge, Sn, and Bi. Their substitution has increased Ms by
5.9%, 7.7%, 3.0%, and 9.6% , respectively, while the reduction in Ha was found to be
83.5%, 27.5%, 20.3%, 17.3% and 8.4%, respectively, compared with unsubstituted SFO.
Figure 6.4 and Figure 6.5 show percentage change in the Ms and the Ha, respectively.
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Table 6.4
Magnetic properties of substituted SFO (SrFe11.5M0.5O19)
M Ms x 1025 (emu/cm3) σ (emu/g) MAE (meV) K1 (kJ/m3) Ha (kOe)
Fe 5.654 110.19 0.850 193.000 7.350
Sc 5.801 (2.6%) 109.97 (-0.2%) 0.749 (-11.9%) 167.317 (-13.3%) 6.224 (-15.3%)
Ti 5.145 (-9.0%) 96.71 (-12.2%) 0.792 (-6.9%) 178.106 (-7.7%) 7.469 (1.6%)
Co 4.946 (-12.5%) 91.35 (-17.1%) 0.866 (1.9%) 197.222 (2.2%) 8.604 (17.1%)
Ni 5.102 (-9.8%) 94.37 (-14.3%) 0.666 (-21.7%) 151.471 (-21.5%) 6.405 (-12.9%)
Al 4.975 (-12.0%) 93.19 (-15.4%) 0.828 (-2.6%) 188.907 (-2.1%) 8.193 (11.5%)
In 5.432 (-3.9%) 99.61 (-9.6%) 0.773 (-9.1%) 172.780 (-10.5%) 6.863 (-6.6%)
P 5.217 (-7.7%) 98.21 (-10.9%) 0.923 (8.6%) 209.077 (8.3%) 8.647 (17.6%)
Bi 6.195 (9.6%) 110.18 (-0.0%) 0.790 (-7.1%) 174.495 (-9.6%) 6.077 (-17.3%)
Sb 5.987 (5.9%) 109.57 (-0.6%) 0.151 (-82.3%) 33.688 (-82.5%) 1.214 (-83.5%)
Ga 5.001 (-11.6%) 92.40 (-16.1%) 0.792 (-6.9%) 179.356 (-7.1%) 7.739 (5.3%)
Cr 5.273 (-6.7%) 97.03 (-11.9%) 1.042 (22.6%) 239.111 (23.9%) 9.784 (33.2%)
Ge 6.092 (7.7%) 112.30 (1.9%) 0.663 (-22.0%) 150.426 (-22.1%) 5.328 (-27.5%)
As 5.618 (-0.6%) 104.01 (-5.6%) 0.616 (-27.5%) 138.965 (-28.0%) 5.337 (-27.4%)
Sn 5.825 (3.0%) 106.67 (-3.2%) 0.708 (-16.8%) 158.126 (-18.1%) 5.857 (-20.3%)
Figure 6.4




Percent change in Ha of SrFe11.5M0.5O19 compared to unsubstituted SFO; Ha is given in
kOe.
6.3 Conclusion
We investigated a total of 23 elements for substitution in SFO. To check the possibility
of substitution the Esub was calculated for all the elements. Out of these 23 elements, 9
elements were found to have a positive value of Esub. Elements with negative Esub were
further studied for their site preference in SFO. Site occupation probability was then used
to calculate the magnetic properties of substituted SFO. Elements that show an increase
in Ms are Bi, Ge, Sb, Sn, and Sc. An enhancement in Ha has been found in the case
of Cr, P, Co, Al, Ga, and Ti. Elements that show an increase in Ms with a considerable
decrease in Ha are Sb, Ge, Sn, Bi and Sc. Substitutions that can enhance the Ms while
reducing the Hs are useful for high density magnetic recording and microwave absorber
applications. We saw some elements increase the magnetization, while others the magnetic
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anisotropy. Combination of these two class of elements might enhance the Ms as well as
Ha, for example, Al-Sn substitution in a unit cell of SFO. Al substitution increases the Ha,





The objective of the current work is to investigate the site preference and magnetic
properties of substituted strontium hexaferrite. We have used a frst principles method
based on density functional theory for this study. We have done three kinds of studies.
In the frst study, we studied Al-substituted SFO, SrFe12−xAlxO19 , with x = 0.5 and
x = 1.0. Using DFT we obtained the ground state structures and associated formation
probabilities at fnite temperatures for different confgurations of Al-substituted SFO. The
structures derived from our calculations show that the total magnetic moment of the SFO
unit cell reduces as the fraction of Al atoms increases. This reduction of magnetization is
explained by the fact that the non-magnetic Al atoms prefer to replace Fe3+ ions at two
of the majority spin sites, 2a and 12k; that eliminates their positive contribution to the
total magnetization. Our model also explains the increase of the observed anisotropy feld
when the fraction of Al in SFO is increased. At the annealing temperature, Al3+ ions are
much more likely to occupy the 12k site than the 2a site. Although this causes the magne-
tocrystalline anisotropy to decrease slightly, the reduction in the saturation magnetization
is larger, and their combined effect causes the magnetic anisotropy feld of Al-substituted
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SFO to be increased with Al fraction x. Our results are consistent with the available exper-
imental measurement on Al-substituted SFO.
In the second study, we studied Ga-substituted SFO, SrFe12−xGaxO19 , and In-substituted
SFO, SrFe12−xGaxO19 , with x = 0.5 and x = 1.0. In the case of SrFe12−xGaxO19 , the
sites where Ga atoms prefer to enter are 12k, 2a, and 4f1. This result contradicts the con-
clusion of Awawdeh et al. [6], who suggest that the most prefered site is the 4f2 using
Mössbauer spectroscopy. For SrFe12−xInxO19 , In atoms most likely occupy the 12k, 4f2,
and 4f1 sites. Both Ga and In substitution in SFO leads to a decrease in Ms and K1 with
an increase in the concentration of the substituting atoms, which is consistent with exper-
imental measurements [4, 6, 10]. We also showed that due to a considerable decrease of
the magnetization and slight decrease of MAE the resultant anisotropy feld, Ha increases
as the fraction x of Ga in SrFe12−xGaxO19 increases. In the case of SrFe12−xInxO19 , the
Ha decreases as the fraction of In atoms x increases.
In the third study, M-substituted SFO, SrFe12−xMxO19 with x = 0.5 were studied. A
total of 23 elements were investigated, and it was found that fve elements can increase the
Ms, while signifcantly reducing the Ha. These elements are Sb, Ge, Sn, Bi and Sc. Their
substitution increased Ms by 5.9%, 7.7%, 3.0%, 9.6% , and 2.6%, while simultaneously
reducing the Ha by 83.5%, 27.5%, 20.3%, 17.3% , and 15.3%, compared with pure SFO.
An increase in the anisotropy feld, Ha is seen when SFO is substituted by Ti, Co, Al, P,
Ga, and Cr.
This work offers a complementary method to study the site preference of substituted
foreign atoms and the resulting magnetic properties. For example, site preference can
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be studied using Mössbauer spectroscopy, but because of the highly complex structure of
SFO (fve types of Fe sublattice), the Mössbauer spectra of substituted SFO has several
superimposed lines, which makes the analysis diffcult. Ab initio results can aid such
analysis for the site preference study. Similarly, our analysis of magnetic properties of
substituted SFO gives an insight of how a particular change has occured.
7.2 Directions for Further Research
We were successful in fnding two classes of elements (1) that improves magnetization
(2) that improves the magnetic anisotropy. The substitution of two elements, one from each
class, might improve magnetization as well as anisotropy. Substitutions like Ge-Al can be
investigated for enhancement of magnetization, as well as magnetic anisotropy.
We have investigated the magnetic properties of substituted SFO at 0 K. Selected
substitutions that show enhanced magnetic properties can be further studied at fnite tem-
peratures. To carry out this fnite temperature study, one way is to perform Monte Carlo
(MC) simulations. But, this requires computation of energies of a large number of confg-
urations. It is inconceivable to attempt to compute the energy of every confguration from
frst principles. One can use a cluster expansion formalism to surmount this problem. The
cluster expansion provides a compact representation of the confgurational dependence of
the energy of a substitutional alloy.
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A.1 VASP input fles
VASP package has been used to perform DFT calculations. VASP requires following






This fle contains information regarding K-points sets to be used in the calculation.




10 10 1 
0 0 0 
A.1.2 POTCAR
This fle contains the pseudopotential for each atomic species used in the calculation.
It is available in the database provided with VASP.
A.1.3 INCAR
INCAR contains all the setting of the program parameters one wishes to use. INCAR
fle used in the present work is shown below:
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LREAL = auto 
ADDGRID = .TRUE. 
PREC = Accurate 
EDIFF = 1E-7 
EDIFFG = 1E-4 
ENCUT = 520 
NELM = 40 
NSW = 200 
ISMEAR=1 
SIGMA=0.2 
ISIF = 3 
ALGO = Fast 
NBANDS = 300 
IBRION = 1 
POTIM = 0.15 
AMIX = 0.02 ! 0.02 for metals 
AMIN = 0.01 ! for elongated systems AMIN should be decreased 
BMIX = 0.0001 ! almost zero, but 0 will crash some versions 
AMIX_MAG = 0.05 
BMIX_MAG = 0.0001 ! almost zero, 0 crashes in some versions 
LMAXMIX = 4 
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MAXMIX = 30 
LDAU= .TRUE. 
LDAUTYPE = 2 
LDAUL = -1 2 -1 
LDAUU = 0.0 4.7 0.0 




MAGMOM = 2*0 2*7.5 2*7.5 4*-7.5 4*-7.5 12*7.5 38*0 
A.1.4 POSCAR
This fle contains the lattice geometry and ionic positions. POSCAR fle of SFO unit
cell is given below:
Strontium hexaferrite 
1.00000000000000 
2.96613 -5.13750 0.00000 
2.96613 5.13750 0.00000 
0.00000 0.00000 23.20821 
Sr Fe O 
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Scripts shown below has been used to calculate the formation probability as a function
of temperature.
script.sh
for a in ‘seq -w 0.001 1 1200‘ 
do 








t = float(sys.argv[1]) 
def prob(temp): 








Kb = 8.617*math.pow(10,-5) 
return 4*math.exp(-0.000000/(Kb*temp)) 
Z = prob(t) 
#print "Partion function, Z =", Z 
P = st(t) 
#P/Z is the probability and t is the temperature" 
print t, P/Z 
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